We studied the effects of commercial humic substances derived from leonardite at different rates (0, 0.25, 2, 10 g kg −1 ) and pH (4.5, 6.0, 8.0) on Cu and Zn mobility, to evaluate their use for remediation of metal contaminated mine soils and to optimize their application conditions. We conducted a single-step extraction experiment and analyzed extracts for metal concentrations, soluble organic carbon and their E4/E6 ratio (ratio of absorption at 465 to 665 nm). Metal speciation in a soil solution was simulated by the non-ideal competitive adsorption-Donnan (NICA-Donnan) model. Increasing the amount of humic substances and the pH caused higher release rates of soluble organic carbon with a lower humic/fulvic acids ratio. This led to a higher mobility of metals (up to 110 times Cu concentration in control and 12 times for Zn) due to the formation of soluble metal-humic complexes. Speciation modeling predicted that increasing rates of humic substances would result in a higher proportion of Cu and Zn associated with fulvic acids, more mobile than the humic acids fraction. Application of commercial leonardite humic substances at 2-10 g kg −1 and with pH levels similar to or below natural soil could be useful for assisted-phytoextraction of contaminated anthropogenic soils. High rates of humic substances in more alkaline conditions could entail a considerable risk of metal leaching to groundwater, toxicity and transfer to the trophic chain.
Introduction
Human activities, such as metal mining, are important sources of soil contamination by heavy metals [1] [2] [3] . Soils from mine spoils not only contain high levels of toxic metals, but also have poor physical properties, high acidity and low nutrient content [4, 5] .
Appropriate soil management techniques should be applied to remediate anthropogenic mine soils in order to reduce bioavailability and dispersion of metals and to limit the exposure for humans and other organisms [4] [5] [6] . The high concentrations of metals and the poor conditions of these soils limit plant growth and the application of phytoremediation strategies, such as assisted-phytoextraction. Nevertheless, the use of organic amendments can improve the physical and chemical properties of these soils, reduce metal toxicity and enhance plant growth [2] [3] [4] [5] [6] [7] .
The addition of organic amendments with high soluble organic matter contents could increase metal mobility through the formation of soluble metal-organic complexes [6, 8, 9] , which can enhance metal uptake by plants improving the efficiency of assisted-phytoextraction techniques. However, an excessive increase in metal mobility could result in a high risk of metal leaching and consequent groundwater contamination [6, 7] and/or accumulation in plant shoots increasing the transfer of metals to the trophic chain [10] .
Humic substances are natural organic amendments that have been widely used in agriculture, as they improve plant growth and mineral nutrition, increase the organic matter content and cation exchange capacity of soils, and facilitate the formation of macroaggregates in mine tailings [8] . Humic substances can be differentiated into three main fractions by their solubility in acid or alkali: humic acid, soluble in alkali solutions but insoluble in acid; fulvic acid, soluble in both acid and alkali; and humin, insoluble in both solutions [9, 11] . Humic and fulvic acids possess similar structures, but have different molecular weights and contents in functional groups; humic acids have higher molecular weight and less oxygen-containing functional groups than fulvic acids [9] . These chemical differences make humic acids less soluble than fulvic acids, decreasing their solubility at higher polyvalent cation contents, and lower pH due to aggregation of humic molecules themselves by cation bridging and their adsorption onto soil particles by reduced electrostatic repulsion [12] [13] [14] [15] . Humic and fulvic acids present in humic substances contain a great variety of functional groups that are very active adsorption sites-especially carboxyl and phenolic OH (acidic groups)-and have strong complexation ability with metal ions [8, 9, 11, 16] . Thus, humic and fulvic acids may increase metal mobilization in soils by the formation of soluble metal-humic complexes, which depends on the nature and properties of these humic substances, their interaction with soil components, ionic strength, content of metals and other cations, and pH [3, 8, 9] . This makes humic substances promising amendments for the improvement of assisted-phytoextraction, but the conditions of their application should be studied to maximize their efficiency while avoiding metal leaching.
There are several available commercial humic products, commonly found as soil amendments or growing media improvers in agriculture, whose use in field applications is more feasible than those purified humic substances extracted in the laboratory from soils, water, compost, peat or coal. Among these commercial products, leonardite humic substances are mainly composed of humic and fulvic acids extracted with KOH from leonardite-an oxidized form of lignite coal.
In our previous work [17] , we evaluated the use of a commercial humic product derived from American leonardite in combination with metal-tolerant plants (vetiver grass) for the phytoremediation of anthropogenic mine soils through pot experiments. In that study, we reported that humic substances exhibited different behaviors depending on the soil. In soils with relatively low concentrations of metals, humic substances increased the uptake of metals by plants and their accumulation in roots due to the promotion of metal mobilization by the formation of soluble metal-organic complexes. In contrast, in other soils with considerably higher metal concentrations and lower pH, there was a low uptake of metals with high rates of humic substances due to metal immobilization by cation bridging between humic molecules that could have induced the aggregation of metal-organic complexes, as well as by the reduced solubility of organic matter at low pH. As well, other works have studied the effects of humic substances on metal mobility and their uptake by plants. Most of these works have reported that the addition of humic substances increased the release of metals to the soil solution and promoted their uptake and accumulation in plants by the formation of soluble complexes, although their effects depended on the concentrations of humic compounds, pH and the metals involved [6, 9, 11, 18] . Conversely, other studies have observed decreasing mobility of metals and accumulation in roots, but increasing translocation to shoots with high rates of humic substances [16] . Thus, it is necessary in this study to find out the optimal conditions, such as pH or application rates, at which these humic substances should be applied to contaminated soils without the risk of metal leaching or transfer to the trophic chain, as well as to elucidate the dynamics of metals in the soil solution.
In this study we aimed to investigate the effects of these commercial leonardite humic substances on Cu and Zn mobility in an anthropogenic mine soil at different application rates and pH conditions through a single-step extraction experiment. The chemical speciation of metals in the soil solution was simulated to examine their complexation with the soluble organic matter, in order to provide more information about metal mobility in relation to these humic substances.
Materials and Methods

Soil Samples and Commercial Humic Substances
In this study we selected a contaminated anthropogenic soil from a mining site in northwest Madrid (Central Spain). At this site, there is an abandoned copper mine which was exploited until 1909. The main minerals present in this mine are chalcopyrite (CuFeS 2 ) and arsenopyrite (FeAsS), although others like malachite (Cu 2 CO 3 (OH) 2 ), azurite (Cu 3 (CO 3 ) 2 (OH) 2 ), siderite (FeCO 3 ), fluorite (CaF 2 ), olivenite (Cu 2 AsO 4 OH) or chalcanthite (CuSO 4 ·5H 2 O) were also found [19] . Before the closure of the mine the reserves of chalcopyrite were estimated at one million tons, with a copper content about 10% [20] .
Soil samples were collected from the top 20 cm of soil at several points within the mine dumps. These samples consisted of mine tailings with no defined horizons. Samples were homogenized, air-dried and sieved to <2 mm before analyses and experimental procedure.
A solid humic substances (HS) product derived from American leonardite was used for this study, which was provided by a commercial supplier. This organic product consisted of a soluble black fine powder obtained from the extraction of natural humic substances from leonardite with KOH, and which is usually used as soil amendment or growing media improver. The rates of this humic product recommended by the commercial supplier for agricultural application are about 12-16 kg ha −1 (0.005-0.007 g kg −1 of soil calculated for 20 cm depth and soil density of 1.2 g cm −3 ).
Single-Step Extraction Procedure
A single-step extraction experiment was performed to evaluate the effects of the commercial humic substances on Cu and Zn mobilization in the contaminated soil at different rates and under different pH conditions. The experiment was conducted using a relatively high soil/solution ratio to simulate the addition of humic substances to soil with rain or irrigation water.
The study was conducted in triplicate in 40 mL centrifuge tubes adding 20 mL of extracting solution to 10 g of contaminated soil sample. This extracting solution contained the commercial humic substances dissolved in deionized water at different concentrations: 0 g kg −1 of soil (control, HS0), 0.5 g kg −1 (HS0.5), 2 g kg −1 (HS2) and 10 g kg −1 (HS10). Although these rates are considerably higher than those recommended by the commercial supplier, they were feasible for assisted-phytoextraction purposes in comparison with other expensive decontamination techniques. The humic substances solution was previously adjusted to different pH values: 4.5, 6.0 (natural soil pH) and 8.0 using diluted HCl and KOH solutions (as described in Álvarez-Puebla et al. [21] ). After the addition of the humic substances solution, tubes were shaken for 24 h at room temperature, centrifuged for 10 min at 6650× g, and decanted.
Extracts were analyzed for pH, electrical conductivity (EC), metal concentrations (Cu, Zn, Cd and Pb), water soluble organic carbon content (WSOC), and ratio of absorption at 465 to 665 nm (E4/E6) as an estimation of the humic/fulvic acids ratio in the soil solution. Concentrations of Cd and Pb were below the detection limits, due to the low Cd content of this soil and the low mobility of Pb meaning they were insufficiently extracted by the humic solution, and therefore they were not included in this study.
Chemical Speciation Modeling
The chemical speciation of metals in the extracts was simulated using Visual Minteq 3.1 [22] to predict the formation in the soil solution of complexes between metals and soluble humic substances provided by the commercial humic product, as described in Pérez-Esteban et al. [23, 24] . The NICA-Donnan model [25] was used for the simulation, which models the binding of metals to humic substances by two types of sites-carboxylic ("weak") and phenolic ("strong").
The inputs used for the model were the pH values, Cu and Zn concentrations and WSOC measured in the extracts obtained from the single-step extraction experiment.
The model was calculated using the equilibrium constants for inorganic aqueous complexes from the default Visual Minteq thermodynamic database derived by Smith et al. [26] . The generic parameters and constants for humic and fulvic acids in the aqueous phase from Milne et al. [27] were used for the model.
Soluble organic matter present in the extracts was assumed to contain 59% organic carbon (calculated from organic carbon content and total humic extract). The proportion of humic acid was assumed to be 81.5% of the soluble organic matter, and fulvic acid was assumed to be 18.5%, according to the humic and fulvic acid content of the commercial humic product from the data provided by the supplier (Table 1 ). Data sets were calculated considering the solution in equilibrium with atmospheric CO 2 (3.8 × 10 −4 atm). The temperature was set to 25 • C. The Davies method for activity correction was selected, and oversaturated solutions were not allowed to precipitate. Surface complexation with solid particles was not considered.
Analytical Methods
Oxidizable organic carbon was determined in the soil sample by a modified Walkley-Black procedure [28] . Electrical conductivity (for soil and commercial humic substances) and pH were analyzed in deionized water extracts (1:2.5 w/v). The Bouyoucos hydrometer method was used for the determination of particle size distribution [29] . Data concerning the properties of the commercial humic product were provided by the commercial supplier, except EC. Total metal concentrations (Cu, Zn, Cd and Pb) in the soil and commercial humic product were determined by microwave-assisted acid digestion with aqua regia and analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) in an external certified laboratory. Metal fractionation in the soil sample was performed following the sequential extraction procedure of Tessier et al. [30] . Metal concentrations (Cu and Zn) in the extracts were determined by atomic absorption spectrophotometry (AAnalyst 400, PerkinElmer, Wellesley, MA, USA). Concentrations of Cd and Pb in the extracts were also measured but were in most cases below the detection limits (<0.02 mg L −1 for Cd and <0.2 mg L −1 for Pb).
The concentration of WSOC was determined by digestion in a microwave oven with potassium dichromate and sulphuric acid-a modified version of the method used by Islam and Weil [31] . A 5 mL-aliquot of extracts from treatments with 0 and 0.5 g kg −1 of humic substances (HS0 and HS0.5) was placed in a Teflon vessel with 0.5 mL of 0.5M Cr 2 O 7 K 2 and 4 mL of concentrated H 2 SO 4 (96%). For samples with 2 and 10 g kg −1 of humic substances (HS2 and HS10), a 2 mL-aliquot from the extracts was placed in the Teflon vessel with 2 mL of 0.5M Cr 2 O 7 K 2 and 4 mL of concentrated H 2 SO 4 . Solutions were heated in the microwave oven for 15 min at 135 • C, cooled and made up to 10 mL with deionized water. A spectrophotometric method was used to measure the concentration of Cr 3+ produced by the reduction of Cr 6+ (λ = 590 nm; UV-1203 spectrophotometer, Shimadzu, Japan) and the organic carbon content was determined using a calibration curve prepared with glucose standards [32, 33] .
The extracts were directly analyzed using UV-Vis spectroscopy (UV-1203 spectrophotometer, Shimadzu) at 465 and 665 nm. The E4/E6 was calculated as the ratio of both absorbances [34] .
All analyses were performed in triplicate. Results were adjusted for oven-dry (overnight at 105 • C) weight of sample. All reagents used for this work were of analytical grade or better. Standard solutions used for calibration were obtained from 1000 mg L −1 stock standard (CertiPUR standards, Merck, Germany). All dilutions were prepared with deionized water. Plastic and glassware were soaked in 5% HNO 3 solution overnight and rinsed with distilled water prior to use.
Statistical Analyses
Statistical analyses of data were performed using SPSS 23.0 software (SPSS Inc., Chicago, IL, USA). Statistical differences in means between different treatments (rates of commercial humic substances) and between different adjusted pH were determined by two-way analysis of variance (ANOVA) tests. Simple effects of each factor at each level of the other factor were analyzed when appropriate through one-way ANOVA followed by Tukey's honestly significant difference (HSD) test (p < 0.05). Pearson's correlation coefficients (r) were used to determine relationships between different parameters.
Results and Discussion
Characteristics of the Contaminated Soil and Commercial Humic Substances
The main characteristics of the contaminated soil used for this study are showed in Table 1 . This soil had a sandy texture and exhibited an acidic pH, low EC and low organic matter content. This soil contained a high total concentration of Cu, which considerably exceeded the guideline value (150 mg kg −1 ) suggested by Toth et al. [35] for potentially contaminated soils in non-industrial areas, defined on the basis of ecological or health risks. The total concentration of Zn was also relatively high, although slightly lower than the guideline value (250 mg kg −1 ). In contrast, soil Cd and Pb total concentrations were considerably lower than these guideline values (10 mg kg −1 of Cd and 200 mg kg −1 of Pb).
The characteristics of the commercial humic substances are also shown in Table 1 (data provided by the supplier), with a great solubility, high salinity, a high content in K, a very alkaline pH and a great content in humic and fulvic acids. The commercial humic product exhibited low metal concentrations, in all cases lower than those in the studied soil. Table 2 shows the WSOC content extracted with different concentrations of the commercial humic substances solution adjusted to different pH conditions. The two-way ANOVA showed significant differences between the different rates and between the pH conditions, as well as a significant interaction between both factors. Table 2 . Water soluble organic carbon content (WSOC) and E4/E6 ratio in soil solution extracted with commercial humic substances solution at different rates and adjusted pH conditions. Mean ± standard deviation, n = 3. Values within a column followed by the same capital letter are not significantly different between different HS rates (p < 0.05). Values within a row followed by the same lower-case letter are not significantly different between different pH conditions (p < 0.05). Simple effect analysis showed that WSOC content was significantly higher with the greatest rate of commercial humic substances (p < 0.05). This increased WSOC with higher rates was more pronounced at pH 8.0, with significant differences between all treatments (p < 0.05). Humic substances provided a great amount of organic matter that was released into the soil solution.
Effects of the Addition of Commercial Humic Substances to Soil on Water Soluble Organic Carbon and E4/E6 Ratio
It can also be observed that WSOC content was significantly higher when the extracting solution of humic substances was adjusted to pH 8.0 (p < 0.05)-reaching a final pH value in soil solution up to 6.3 (final pH values are shown in Table 3 )-due to the greater solubility of humic compounds under alkaline conditions. This effect of high pH conditions on organic matter dissolution has also been reported by other authors [14, 15, 36] . As was suggested by You et al. [15] , the higher negative charges on both organic matter and soil surfaces with increasing pH resulted in the repulsion between both components. This repulsion led to a lower sorption of organic matter. In our study we found a significant and positive correlation between WSOC and pH (Table 3 ) measured in the extracts (r = 0.70, p < 0.01). Table 3 . Final pH values and electrical conductivity (EC) in soil solution extracted with commercial humic substances solution at different rates and adjusted pH conditions. Mean ± standard deviation, n = 3. Values within a column followed by the same capital letter are not significantly different between different HS rates (p < 0.05). Values within a row followed by the same lower-case letter are not significantly different between different pH conditions (p < 0.05). Table 2 also shows the E4/E6 ratio in the extractions. This ratio is characteristic of the degree of condensation and the molecular weight of humic substances. As the UV-Visible absorption is greater at 465 nm for smaller molecules and greater at 665 nm for larger molecules, E4/E6 is expected to be lower for humic acid and higher for fulvic acid [15, 34] .
The E4/E6 ratio was significantly higher with increasing rates of the commercial humic substances (p < 0.05), with differences more pronounced at high pH, as happened with WSOC. A larger amount of humic substances remained in the soil solution at higher rates of the commercial humic product, with a relative increase in fulvic acid with respect to the humic acid fraction (lower degree of humification). There was a strong and positive correlation between E4/E6 and WSOC (r = 0.78, p < 0.01) in the extracts. We also found strong correlations between WSOC and absorbances at 465 (r = 0.89, p < 0.01) and 665 nm (r = 0.88, p < 0.01) (absorbances shown in Table S1 ). Other authors [37, 38] also reported high correlations between absorbances at 465 nm and at 665 nm with dissolved organic matter.
Regarding differences between adjusted pH conditions, it can be observed in Table 2 that the E4/E6 ratio significantly increased with increasing pH (p < 0.05) in the treatments with high rates of humic substances (HS2 and HS10). However, in the control treatment with no addition of humic substances (HS0), E4/E6 significantly decreased at higher pH conditions (p < 0.05). You et al. [15] reported that the E4/E6 ratio decreased with increasing pH. These authors suggested that despite the higher concentrations of both humic and fulvic acids found with increasing pH, the humic acid fraction increased at a greater rate and became predominant in the soil solution.
We observed that the colors of the extracts from the control treatment were absolutely clear. In contrast, the other samples were composed of a dark organic extract, which was darker with increasing rates of commercial humic substances and pH. This range of colors agreed with the absorbances measured in the extracts.
Effects of Commercial Humic Substances on Cu and Zn Mobility
The concentrations of Cu and Zn extracted with different rates of commercial humic substances and adjusted pH values are shown in Table 4 . There were significant differences among the treatments and pH conditions and an interaction between both factors. Table 4 . Concentrations of Cu and Zn in soil solution extracted with commercial humic substances solution at different rates and adjusted pH conditions. Mean ± standard deviation, n = 3. Values within a column followed by the same capital letter are not significantly different among HS rates (p < 0.05). Values within a row followed by the same lower-case letter are not significantly different among pH conditions (p < 0.05). Concentrations of Cu followed the same pattern as WSOC. The amount of extracted Cu considerably increased with increasing rates of the commercial humic substances (p < 0.05), up to 110 times (in HS10 at pH 8.0) the concentration extracted in the control treatment (HS0). The formation of Cu complexes with soluble organic compounds provided by the commercial humic product could explain the higher mobilization of Cu with increasing water soluble organic carbon. We found strong and positive correlations between Cu concentration and WSOC (r = 0.97, p < 0.01), as well as with E4/E6 (r = 0.87, p < 0.01).
The higher ionic strength reached in the soil solution with increasing rates of the commercial humic substances (shown by EC values in Table 3 ) could also have contributed to the increase in extracted Cu, due to the high competition from other cations for sorption sites on soil particles. The main competitor cation could be the K provided by the commercial humic product, although its competition effect is low against divalent cations, such as Cu and Zn [39] . This increase in metal desorption with higher ionic strength takes place in metals bound onto soil components by outer-sphere complexation, which involves electrostatic interactions [40] .
The mobilization of Cu decreased in the treatments with humic substances (HS0.5, HS2 and HS10) from adjusted pH 4.5 to 6.0. The higher pH at this range could have led to a greater Cu adsorption due to an increase in negative (pH-dependent) charges of soil surfaces and the formation of Cu precipitates, which might have obscured the increase in Cu mobility by the formation of soluble organic complexes. In contrast, Cu mobility underwent a significant rise (p < 0.05) in the treatments with humic substances when the adjusted pH increased from 6.0 (natural soil pH) to 8.0. This increase in extracted Cu with pH was considerably more accentuated in the HS10 treatment, where the final pH of the soil solution reached a value of 6.3 ( Table 3 ). Other studies [36, 41, 42] reported that the addition of soluble organic carbon from organic amendments reduced the adsorption of Cu and other metals on soil surfaces because of the formation of soluble complexes. They also reported that this effect was stronger at high pH due to the higher desorption of the organic matter as was explained above. There was a significant and positive correlation between Cu concentration and pH values in the soil solution (r = 0.59, p < 0.01). Similarly, in an earlier study [24] we reported a higher mobilization of Cu and a greater WSOC content with increasing rates of organic amendments added to soil and at higher pH conditions due to the formation of soluble organic complexes.
Regarding Zn (Table 4 ), its mobilization significantly increased with higher rates of commercial humic substances (p < 0.05). This increase was up to 12 times (in HS10 at pH 4.5) the concentration extracted in the control treatment (HS0). Özkaraova Güngör and Bekbölet [9] also reported a higher release of Zn from soil with increasing concentrations of humic and fulvic acids. The formation of Zn complexes with soluble organic compounds provided by the commercial humic product and the higher ionic strength could also explain Zn mobilization, as happened with Cu. However, Zn concentration was neither correlated with WSOC nor E4/E6 ratio.
The effect of pH conditions on Zn mobilization followed the same trend as Cu. In HS0.5 and HS10 treatments, Zn concentrations significantly decreased from adjusted pH 4.5 to pH 6.0 (p < 0.05) probably due to an increase in negative soil charges, whereas its concentration raised again from pH 6.0 to 8.0 (p < 0.05) by the formation of soluble organic complexes with Zn. Contrary to Cu results, concentrations of Zn were not significantly correlated with pH values of the extracts.
The concentrations of Zn extracted to the soil solution were considerably lower than those of Cu due to the lesser Zn content of the soil studied (Table 1) . Also, this lower Zn mobilization could be due to the lower affinity of this metal for organic molecules, given the lower stability constants of complexes formed between Zn and humic compounds than those with Cu [43] . It should be considered that the addition of the humic product, which had a relatively high concentration of Zn (Table 1) , may have contributed to the Zn extracted to the soil solution. In treatment HS10, humic substances provided up to 1.2 mg kg −1 of Zn, which is equivalent to the Zn concentration measured in the extracts (Table 3) .
These results showed that the addition of 10 g kg −1 of commercial humic substances (HS10) at adjusted pH 8.0 achieved the highest mobilization of Cu, and at pH 4.5 was the highest for Zn. These treatments managed to extract from the soil 5.4% of the total concentration of Cu (or 23% of the most labile fractions of Cu, shown in Table 1 ) and 0.5% of total Zn (or 17.5% of the most labile fractions of Zn) in a single extraction step.
Our previous pot experiment using vetiver grass grown in contaminated soils with commercial humic substances [17] showed a greater uptake of Cu by plants with increasing rates of the humic product (10-20 g kg −1 ) in soils that had higher pH conditions. This greater Cu uptake was due to the mobilization of this metal by the formation of soluble metal-organic complexes. Conversely, in that experiment there was a lower Zn uptake due to its immobilization by the high pH caused by the addition of humic substances. Other studies have also demonstrated an increase in mobility of metals and their uptake by vetiver grass and other plants with the application of humic substances to soils [11, 18] , whereas others have reported lower metal mobilization and uptake with humic substances [16] .
Chemical Species of Metals in Soil Solution
A simulation of the chemical speciation of Cu and Zn was conducted to elucidate the main organic forms of these metals found in the soil solution and their relation with metal mobilization at different rates of added humic substances and pH conditions. Table 5 shows the proportion of soluble Cu species complexed by the humic and fulvic fraction of the soluble organic matter simulated by the NICA-Donnan model. Chemical species: Carbox, metals associated with carboxylic groups; Phenol, metals associated with phenolic groups; Donnan, metals associated with the Donnan phase. Rates of commercial humic substances (HS): 0, 0.5, 2 and 10 g kg −1 .
In all cases there was a negligible proportion of free Cu 2+ and other inorganic Cu species in the soil solution (<0.05%). Matijevic et al. [44] also reported that Cu in the soil solution is mainly associated with soluble organic compounds at pH > 5. As well, Ondrasek et al. [16] found that metals were predominantly governed in the solution by metal-humic complexes in treatments with high concentrations of humic acids.
There was a considerably higher proportion of Cu species associated with the humic acid fraction (72-83%) than with the fulvic acids (17-28%), given the predominant concentration of humic acid in the soil solution-the commercial humic substances contain 53% humic acid and 12% fulvic acid (Table 1) . Hattab et al. [6] also found that Cu was more abundant in the humic acid fraction than in fulvic acid, due to the high affinity of humic acids for this metal.
Copper associated with the humic acid fraction was mainly complexed with carboxylic functional groups, whereas there was a low proportion of Cu complexed with phenolic groups. At the near-neutral pH conditions in this study, carboxylic groups were deprotonated-whose pK a ranges from 3 to 6-resulting in higher negative charge, whereas phenolic groups-with pK a from 8 to >10-were partially active [13] . The proportions of Cu associated with the Donnan phase-counterions accumulated in the diffuse layer of the soluble organic compounds that are weakly bound by electrostatic interactions-were almost as high as those associated with carboxylic groups.
In the fulvic acid fraction, Cu was mainly associated with the Donnan phase, whereas there was a low proportion of Cu associated with carboxylic groups and an almost negligible proportion with phenolic ones, despite the fact that a higher content of acidic functional groups is normally found in this fraction compared to humic acids [9] .
If the different treatments are compared, it can be observed that the proportion of Cu associated with the humic acid fraction decreased with the addition of higher rates of commercial humic substances, especially Cu complexed by carboxylic and phenolic groups. This decrease was counteracted by increasing percentages of Cu associated with the fulvic acid fraction-which is more labile and mobile than the humic acid-mainly in the Donnan phase. These results agreed with the higher values of E4/E6 measured with greater rates of commercial humic substances, which indicated a decrease in the humic/fulvic ratio.
If the rate of commercial humic substances was fixed, the proportion of Cu associated with the fulvic acid fraction generally decreased with increasing pH, whereas Cu of the humic acid fraction generally increased, especially Cu complexed by carboxylic and phenolic groups, probably due to the deprotonation of these acidic functional groups at higher pH. Table 5 also shows the predicted proportions of Zn species in the soil solution that were associated with the humic and fulvic acids fractions.
There was also a negligible proportion of free Zn 2+ and other inorganic Zn species (<0.05%). Although other studies [6] reported that fulvic acids were the main organic fraction associated with Zn, in our study there were higher proportions of Zn complexed with the humic acid fraction. This may be due to the higher stability constants for humic acid (log K = 5.45 at pH 7) than for fulvic acid (log K = 4.01) [9] . Nevertheless, the differences between both fractions (62-69% for humic acids and 31-38% for fulvic acids) were less pronounced than in Cu. In both humic and fulvic acids fractions, Zn was mainly associated with the Donnan phase, whereas the proportions of complexes with carboxylic and phenolic groups were very low. In the fulvic acid fraction, the percentages of Zn associated with these functional groups were even below 0.05%.
As happened with Cu, proportions of Zn associated with the humic acid fraction generally decreased and those of fulvic acid increased with greater rates of commercial humic substances, what could lead to a higher metal mobility. An increase in the percentages of Zn associated with the carboxylic and phenolic sites of the humic acid fraction could also be observed with increasing adjusted pH, which was probably due to deprotonation of these functional groups at higher pH values. Özkaraova Güngör and Bekbölet [9] reported a greater release of Zn with the addition of humic acid at high pH conditions attributed to the involvement of acidic functional groups.
Although Zn complexed with humic and fulvic fractions in soil solution was considerably lower than Cu due to the lesser content of Zn in soil and its lower affinity for organic ligands, it should be considered that there are competitive interactions between both metals for humic substances. As a result, increasing Zn could lead to a decrease in Cu-organic complexes, as was reported by Baker [45] .
Spectroscopic techniques, such as nuclear magnetic resonance (NMR) and infrared (IR), are needed in future research to study the interactions between metals and these humic substances at different pH conditions in more detail.
Conclusions
The addition of commercial humic substances derived from leonardite at increasing rates and at high pH conditions managed to mobilize greater concentrations of Cu and, to a lesser extent, Zn from the contaminated soil, due to the formation of soluble metal-humic complexes.
The results from the present study and from our previous pot experiment with plants [17] suggest that the addition of humic substances at high rates (about 2-10 g kg −1 ) could be a suitable tool to improve assisted-phytoextraction techniques in contaminated anthropogenic mine soils by the enhancement of metal uptake by plants due to a high metal mobility. However, the application of these rates under more alkaline conditions than natural soil pH could lead to an excessive Cu mobility, and therefore to an increasing risk of leaching to groundwater and its transfer to the trophic chain, as well as a greater toxicity for plants and soil microorganisms.
Further field experiments over several years using plants with these humic substances should be performed to study mobility and leaching of metals in the long-term.
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